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Abstract

The effects of anions and cations have. been studied on hydrogen chemi-
sorption and anodic oxide film formation on Pt by linear sweep voltammetry,
and on oxygen generation on Pt by potentiostatic overpotential measurement.
The effects have provided some insight into these processes.

The hydrogen chemisorption and asnodic oxide film formation regions are
¢ greatly influenced by anion adsorption. In acids, the strongly bound
hydrogen occurs at more cathodic potential when chloride and sulfate are
present. Bulfate affects the initial phase of oxide film formation by
sroduced fine structure while chloride retards the oxide film formetion,
In alkaline solutions, both strongly and weakly bound hydrogen are influ-

enced by iodide, cyanide, and barium and calcium cations. These ions also :
influence the oxide film formation.
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&

Three factors have been considered to explain these effects; these

- factors are: (1) displacement of adsorbed anions on different sites,
(2) the induced heterogeneity effect, and (3) anion or cation induced ,
changes in the potential distribution across the metal-solution interface. : :

The Tafel slope for oxygen generation has been found to be independent o ‘ ‘
on the oxide thickness and the presence of cations or anions in the solu- i ﬂ
tions. The catalytic activity indicated by the exchange current density
was observed decreasing with increasing oxide layer thickness, only a minor
dependence on the addition of certain cations end anions was found, These
observations are explained on the basis that oxygen generation involves
charge transfer via electron tunnelling through the oxide layer. A mechanism
has been. proposed with the first step involving the adsorption of OH to form
a surface PtOH entity with the OH as an adsorbed radical followed by 5
charge transfer via electron tunnelling.
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[This report is adapted from Chao-jung Huang's Ph.D. dissertation. ]
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TNTRODUCTION

New ways to conserve energy are becaming a great need, Electro-
chemistry is one of the technologies which .can make contributions
toward solving this energy problem. A significant portion of elec-
trical energy is consumed by industrial electrolytic processes,
which are performed mostly with relatively low energy efficiency.
Improvesents in the efficiencies of the processes will result in
sﬁbstantial energy savings.

Oz-ge,ﬁeraticn is an important ccmponeAt in various electro-
lytic cells. Tn most of such cells, the overpotential of O, anode
is the largest voltage loss and increases very substantially the
energy requirements over what would be expected thermodynamically.

2 better understanding of the kinetics of Oz—generatim and the
dependence of the kinetics an electrolyte camposition is needed in
order to reduce the energy requirements.

Most metals used as anodes dissolve; hence studies of 0,-
generation are restricted principally to noble and highly passivated
metals. Platimm has been mostly employed because of its high
electrocatalytic activity and stability.

Prior to electrochemical 0, generation, oxide films are formed
on all metal electrodes., The understanding of the kinetics of Oy~
generation in relation to the catalytic properties of metais requires
information concerning the surface properties of the oxide films

whose structure and electronic propertics change with potential
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The present work was undertaken to achieve a better understand-
ing of oxide film formation and O,-generation on platinum, Experi-
ments have been designed to study the effects of anions and cations
on the formation of oxide films and the kinetics of O,~generaticn,
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CHAPTER II

BACKGROUND AND PREVIOUS RESULTS

A. The Surface of Platinum Electrodeé

For the kinetic study of oxygen fommation at the Pt electrode,
it is necessary to know the nature of the Pt surface and its depen-
dence on electrode potential., When subject to anodic polarization,
a film of oxide or chemisorbed oxygen is formed on the surface of
Pt. Many studies have been conducted an this subject (for details,
see review articles by Gilman,l Hoare,2 Damjancvic3) , but_full under-
standing of the nature and properties concerning the anodic oxygen.
filnm has not yet been attained.

Constant current charging and linear potential sweep techniques
have been most commonly used to study the oxygen f£ilm. A constant
current chargn‘ng—discharéing curve and a linear potential sweep
voltartogram are shown in Figs. II-1,2 to illustrate the electro-
chemical behavior of the.Pt electrode in acid solution. As seen
from the curves, the ionization of hydrogen appears in region A,
Region B is theé so—called double layer region, where the current
alrost entirely goes into the charging of the double layer. The
oxide film is formed in region C. then the potential reaches
region D, O, generation hecomes significant., In the cathodic sweep
or discharging, the oxygen film is reduced principally in region C'.

Sane of the characteristics found from these curves are as

follows:
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Fig. II-l. A typical constant current charging curve at Pt in acid solution.

Fig. IT-2.
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(a) The amidation and reducticn of the Pt surface occurs at
potentials differing by a large amount., This shows that
the oxide film formation and reduction are highly irrever—
sible,

(b) The number of coulambs consumed in forming the axygen £ilm .

before 0 formation becomes appreciable, corresponds. to
the order of a monolayer of axygen on the Pt surface and
is approximately a linear function of potential.

(c) The nurber of coulaabs consumed to build up the oxygen

£ilm (Qg) was found by most workers (see Refs, 1 and 2)

to be larger than the amount of charge (Q) required to

reduce it., It was observed that the ratio Qz/Q. approached

unity after repeated potential cveling.4 Kozlowska,

Comvay, and Sharp® have claimed that Q; = Q; only below

1,2 v* in properly purified solutions.

The following are the proposed explanations for Q, > Qg scme

of which may not he valid;.
(1) According to Laitinen and Erxke,,6 Qa > Qc because O2 is evolved
- along with the formation of anodic oxygen f£ilm during the anodic
charging of Pt in HClO 4 solution, Actually 0, generation becames
significant only at potentials > 1.4 V. This explanation also does
not explain why Qa/Qc -~ 1 with repeated potential cycling, as
mentioned by Hoare‘.2
(2) Vetter and Berdt7 cbserve Q= 2Qc from their constant current
charging studies, and postulate that the oxygen species ir the
anodic axygen £ilm are only reduced to H,0, instead of Hy0 or OH .
Hoare2 argues against this view on the basis that Pt is a good
peroxide~decamosing catalyst, which decawmses.lizoz to form oxygen.
This is not always the situation. Under same conditions, O, re- |

duction on Pt results in relatively large arounts of 11202.10 B

*All potentials are relative to RIE,
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Frumkin, Khrushcheva, Tarasevich, ard Sh\.:milc:va8 and Johnson, Napp,

and Bmckensteing vsing the rotating ring-disc electrode tech-
nique, however, did not find any H,0, during the reduction of

oxygen f£ilm,

(3) Dietz.and Goehrn explain Qa >Q, by proposing that the oxygen .
film is partly reduced when the potential reaches Vt.he region where
chiemisorption of hydrogen sets in, Feldberg, Enke, and Bricker4 .
suggest a two-step reduction to show the difference between Q, and

Qat

C
Pt (0) ; + it + xem — Pt (OH),, (II-1)
Pt(om;‘+ it + x&” ——n Pt + 21,0 (II-2)

At the potentials accessible before the hydrogen. adsorption
region is reached, the reduction partially stops at the Pt(CH),
stage and the film is not campletely reduced to Pt., However, in
an electrode potential scanning ellipsametric study of Pt anodic
oxide formation by Horkans, Cahan, and Yeage::,12 loop closures of .
ellipsanetric parameters with electrode potentials have been shown,
This indicates that the electrode surface has recovered back to
its initial state near the hydrogen region (region A in Fig.ll-2).

13 have attemted to show that oxygen is

(4)  Schuldiner and Warnexr
dissolved in the surface layers of Pt metal when the oxygen film

is electrothenically formed in 1 M HZSO 4 The term “dermasorbed

-

1”'I'l'le syrbols Pt (0),, and Pt(OH), represent the substances O and
OH chanisorbed on the Pt surface. The subscript x is not nccessarily
an integer, but rathér répresents the ratios of chaaisorl»d O or OH
to surface platinum atams.
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osygen" is used by these authors, 'Thacker and Hoarel,4 also claim
the presence of cxygen in the Pt metal lattice from their constant

current discharging studies in 2 N 112304. The diffusion of oxygen
into the lattice of Pt can explain the difference between Qa and
Qo because the dissolved axygen is.difficult to remove. Nort:onls
has shown that oxygen does not diffuse distances of n10™4 o in
Pt at significant rates even at 1425°C, However, the distances
involved in the dermasorbed oxygen would be of the order of
Angstroms., |

(5) It is reported by Rand and Woods'® that the difference between

?{'-i Q, and Q, can be explained by the dissolution of Pt into the electro-
: 1 lyte during the anocdic charging. They detect the dissolution of

Lot .

'\‘“ﬁ Pt in HZSO4 after repeated cycling of more than 1000 cycles between

0.41 and 1.46 V. Kozlowska et _a_l_.svbelieve that the contribution

of anocdic charge from the Pt dissolution is negligible below 1.2 V,

and that significant dissolution occurs only at more ancdic potentials.
(6) Breiter'! finds that the oxidation of a layer of organic im-
purities occurs during anodic film formation on Pt in the range “
0.6 = 1,5V in 1 N H,50,. Kozlowska ggg_l_.s'indicate that the or- . \
ganic impurities block surface oxide formation between 0,75 and 1,05

V in impure solutions, then becane oxidized with the result that the
anodic charge is spuriously large and the cathodic charge for oxide
roduction is anomalously small. In practice, after several poten=

tial cycleg, the organic impurities cen be oxidized and desorbed -

off. The contribution. of an excess anodic charge fram. the oxidation

of organic impurities is. expected to becare insignificant unless
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large concentrations of dissolved irpurities are present in solu-
tion, It is very difficult to have a Pt surface free fram impur- -/

ities to start with, even using ultrapure electrolytes, Carbon is
a camon impurity in Pt and diffuses to the surface in high tempera-
ture treatment. Carbon on the surface is axidized off in the first
few potential cycles. |
While much effort has been directed to unravelling the nature
of the anodic oxygen film on Pt, no unanbiguous conclusion about
the film has been reached. On the basis of rather circumstantial.
evidence, two main models have been proposed for the anodic film |
E _ formed on Pt in the range ~0,8-1,4V. A monolayer of oxygen is
J' formed progressively on the Pt surface. One view is that this

anodic layer is a thin film of an oxide such as PtO_or PtO, grown .

on the Pt surface, whereas the other view is that the film is :
| ; camposed of oxygen adsorbed on Pt such as Pt-O.
The distinction between the oxide model and the adsorption.
model is not a clear one at the monolayer level. The strength of
the interaction of the oxygen-containing species with the Pt of the

electrode surface may range from the relatively low values char-

acteristic of physical adsorption to the much higher values usually

characteristic of the chemical intéeracticns. In using the term

oxide to denote the layer, the Pt with which the oxygen interacts

P

is viewed as similar in its orbital properties and charge to that. in

a bulk oxide of a particular valence type. In describing the oxygen

as chemisorbed, the Pt with which the oxygen interacts is. usually

considered to retain some of its metallic character with delocalized
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orbital properties and the Pt=0O interaction not to be similar to
that in an oxide. Tt is possible, however, to have the Pt and

oxygen interaction of an intermediate value between these two
extremes,

El Wakkard and Emara,le, proponents of the oxide nnael, cb- 2 P
served two arrests, one at 0.8V and the other at 1.07V, in low ‘ j
current=density anodic charging curves of Pt in 1{2804. On the basis

of equilibrium potentials, Pt/PtO (0.88V), reported by Grube™ and

PE(OID) ,/Pt0, (1.12V), reported by Latimer, 20 they concluded that .

PtO is first formed over the surface of Pt electrode, followed by

Pto, before 0,y formation occurs at an appreciable rate., .Their

charging curves are criticized by G:L:Lman:L and Hoare2 on the basis

)::"‘7'."?,.',&_\‘

that a long tire.is required to. camplete these curves, allowing

impurities to diffuse to and adsorb onto the electrode surface.
& Evidence for such impurity effects is the ill-defined hydrogen.
region in thesé curves and the fact that the second arrest at 1.07V o d
does not appear on the freshly ancdically pretreated Pt electrade

or in the fast charging curves (high current density) .

A single arrest is usually observed in constant current charg-
ing of Pt electrodes by most workers (e.g. refs. 7, 21-4). With a
camputed stoichiametry ratio. Pt/0 = 1 based on charge density at
this potential, Hicklinc321 oonsidered the observed arrest to be due
to the fomiation of a unirmolecular layer of platinous oxide, PtO,

vhile Butler and Annf;trongzz attributed it to the formation of a

eciasbindl

laver of adsorbed axygen.

To confirm the existence of anodically formed oxide on Pt,
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» Anson and ff...'i.l’]{)’:.).‘l'lt’.‘zs stripped the f£ilm from anodized Pt, which had
heen polarized at 1,5V in H2504, with 0,2 M HCl1 + 0,1 M NaCl,
Fram spectrophotametric analysis of PtCl ; and PtC16=, they con=~
cluded that both PtO and PtO, are present on the ancdized Pt swr~=
face., It has been mentioned by Laitinen and Enke® that this
technique is feasible only under the conditions that the state of
the ancdized Pt surface has to beé unchanged during chemical stripping.
Breiter and Wei.n:i.nger,?'6 using open-circuit decay in conjunction
with cathodic discharging technique on anodized Pt electrodes
(pretreated at 1l.4V.or 1.6V in HZSO4) in solutions of 0.2 M HCl +
0.1 11 NaC1, | concluded that Anson and Lingane's results could be

interpreted with an adsorbed oxygen model. .
27

Boeld and Breiter®’ tried to show that the surface oxidation
of Pt. (in HClo4 and 112804) in the range 0.8-1.5V, first forms a
chemisorbed Pt-OH layer; this in turn oxidizes to form a chemi-

sorbed layer of Pt-O. Gilman,28

‘using fast potential-step tech-
niques, modified the model of Boeld and Bréiter and concluded that
PtOH oxidizes to PtO only below 1.0V, Above 1,2V, PtO further
oxidizes to Pto,. The stoichiametric ratio of Pt and oxygen was

used by Gilman to represent the species formed on the Pt surface, "

without indicating it as an adsorbed oxygen or an oxide,

Gilroy and OOnway29 observe no plateaus at any potentials

which would correspond to any distinct valency states such as PtOil, “

PtO, or Pto‘2 in potential-charge plots between 0.5 and 1.8V, and
emwhasize the difficulty of assigning valence states to Pt atams on

the electrode surface. %
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At the monolayer devel, a place exchange mechanism was pro-
posed by Reddy, Genshaw, and Bockris®® to indicate the path of axide

formaticn, The scheme is

Pt + HO e=> PO + H + e (11-3)
prop Bl2ce exchapge popy (11-4)
HOPt w==== OPt +H +e& (11-5)

In this mechanism, the OH species is first chenisorbed on the Pt

surface. Next the OW species and a Pt atam change places, placing |

the OH species in an inverted position below the surface. The

HOPt is then oxidized to OPt. A similar view is reported by

-
i

4

' Kozlowska et al.5 ‘Vetter and Schultz3l also favor the place ex-

P - = ,
g‘:q change mechanism, However,. they suppose that chemisorbed O ians, | ]

' not the Ol species, are involved in oxide formation by place ex-
change with Pt cxicdized to Pt~ ions.
Recently Conwvay et _z£L_.5' 32,33 i, a series of papers re-

investigated the oxide film formation on Pt by linear potential

sweep technique in highly purified H,50, solution, and find that
(a) considerable structure is evident in the current-potential
curve in the beginning of oxygen adsorption; L i
(L) the film formation process is more or less reversible in -
’ | the initial stage (0.85 - 1.1 V)i | ;
(c) above.l.l V, the film formation is very irréversible.
On the basis of.their results, a three-stage mechanism of oxide

formation on Pt is proposed. The scheme is set up ass
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1 Pt, +HO «~= PLOH+H +e (II-6)
PLOH + HO «== Pt,OH+H +e (11-7)
| PL,OH + Hy0 <= PtOH +H + & (17-8)

until the potential reaches V1.1V, Further oxidation of the Pt sur-
1 face leads to the formation of PtO via place exchange rearrangement

. (see details illustrated in Ref. 33). This place exchange rearrange-
ment also accounts for the hysteresis between the anodic- and cathod-
i ic-going currentqptential profiles and the experimentally observed

-i single cathodic peak can be represented in terms of the kinetics of

f{, a two-stage reduction of PtO to Pt via PtOH in rearranged states.

; ; Electrochemical techniques alone lack the specificity to resolve

S =
N the nature of the anodic oxygen film on an atomic level. Non- R

electrochemical .tools may be able to provide suwch information, al-
though to date they have not yet afforded sufficient specificity.

By érploying electrode potential scanning ellipsametric spectro-
scopy, Horkans et _gl.lz have shown that the optipal properties of the
film changes substantially at 1.1V. This abrupt change seems to
indicate a change in intrinsic properties of the film. The results
are campatible with the conclusion of Corway et al 5033 that at 1.1v

the surface is covered with a monolayer of PtOH and conversion to

PtO begins as the potential increases anodically to 1.4V. Further-

* .
The species Pt4 indicates the sites available for chemisorption :
of OH species on the (100) crystal planes. The formulae shown do not

represent stoichiometric species but simply the surface site occupancy
ratio,
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more, Horkans gg'ga.lz have found that the £ilm thickness determined

ellipsometrically changes linearly with potential and extrapolates

i

to zero at 0.8V, in agreement with the results of electrochemical f /

measurements. The thickness of the film is also found to be nearly

linearly dependent on charge and extrapolates to zero thickness at !

gzero charge. This behavior with the constancy of the refractive

index of the film between 1.1 and 1.6 V leads to the proposition of

! patch growth. of the anodic oxide formation. Other ellipsometric z
f 34,35 zng spectro reflective3® studies of the anodic film on Pt have g
] been reported. : %

Kim, Winograd, and Davis37 and Allen, Tucker, Capon, and Par--

Ny s

sons38 have used X-ray phdtoelectron spectroscopy to study the oxide

- e
S STENEREE I SR |

A

T

£ilm formed on Pt. The results from these two groups are quite dif-~
ferent. Kim et a1.37 have indicated that PtO 44 Pt0, and Pt0, are
formed upon electrochemically oxidized Pt electrodes at potentials

| Y .

of 0.7V, 1.2V, and 2.2V, and predominantly Pt.O2 at 2.2V. The Par-

sons group38 suggest from their experimental results that a single

species, p:obably Pt(OH)Z, exists up to potentials of 2.4V where
coulometry39 indiéatés a limiting coverage on Pt. No evidence for
Ptoads or Pt0 was found by these workers. Only under extreme oxi-
dizing conditions (at 4V for 4 hr or more) was Pt0, detected.,

i ' Employing Auger spectroscopy to investigate Pt surfaces, ano-
dized in H,S0, at 500 mA/in? for 16 hr, John and Heldt40 nave indi-

cated that the anodized Pt surface contains 50% oxygen and corre=-

|

sponds to a composition of PtO0. This stoichimetry also corresponds

SRR S

with the interpretation of Thacker and Hoare's electrochemical data}
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dahn and Ueldl also alaiw that it is possible that oxygen is adsorbed |
o dervmasorbad strongly axd that its stoichiometry and stability :
would be difficult to distinquish from an oxide.

B. Reversible Potential of Oxygen at Pt ,
' 41

The standard reversible potentials of 0, electrodes are:
Acid solution O, + 4H' + 4™ <2 2,0 E_ =1.220V at 25°C (II-9)

Alkaline soluticn O, + 2H0 + 4 =2 40H E_' = 0,40V at 25°C (II-10) - o
The Nernst equation for 0, electrode potential at 25°C is

- RT RT L, - K
BE B tplnp, tF A -F iy,

i i o= 2 .Ig.- —& m
| Bo' * o R0, = F 1N g t T 10 By0

i

PeS-3

From the equation, the reversible potential for 0, electrode should
have a “60 nV shift pe.r PH unit and a dependence of A15nV per ten-
fold change of O, pressure. These are criteria for the reversible
O, electrode to be observed under equilibrium conditions.

The reversible O, electrode potential is hard to achieve in "
practice. This can be attributed to the very low exchange current ]

9 .07 A/cxnz. Trace impuri-

density, which is of the order of 10~
| ties in solution and slow metal dissolution can shift the potential
drastically. Usually a value in the range 0.8-1.1 V is observed.
Even in the absence of impurity effects, a very long time is required

for the electrode to achieve its reversible potential. For a capa- ’

citance of '\»10"4 f/cm2 and an exchange current density of 10"10 A/cmz,
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the time constant is '\4104 sec; Itherefore many hours could be re
cuired for the electrode to drift to near the reversible potential
on open circuit.

Several theories? were advanced to account for the unattain-
ability of the reversible O, electrode potential.

'[‘he first attempt was the so~called oxide theory, described
by Lorenz and Hauser,42'43 who were the first to use the term.
According to this theory, the electrode is covered with an oxide
film and the cpeneircuit potential is determined by the O/oxide
couple instead of the uz/Pt couple. However, this theory had

failed to explain the observations made by Bain.44

He measured . |
the 0, electrode potentials of Grove cells with bright and
oxidized (heat in a flame and cool in air) Pt metals as the.O,
electrode, and observed that the initial potentials were different

—for those electrodes, but the values approached a cammon one zrter
30 minutes. He reasoned that if the potential was determined by
the Oz/oxide couple, the rest potential would be differeht at
equilibrium conditions. Unfortunately, this was not observed.

The second explanatin was tried by the peroxide theory.

45

Brislee®> cbserved that the value of the open-vircuit potential

of the Grove cell was in the range 1.0-1.1 V iIn 30 dzys, and
detected peroxide in the solution after measurements. When H0,
was added to the solution the potential fell to 0.98 V, and
afterward rose to the usual value. If the primary product of the
46

Grove cell was H,O, instead of HZO' Lewis

05 suggested that the rest
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potential could be determined by the peroxide in the solution.
0, reduction did produce H0, in solution.lo
The reactions involved with H0, and O, and their standard
potentials47 are as follows:
Acid solution 0, + 2 + 28 = HO, E_ = 0.682V
‘ at 25°C (II-11)
Alkaline solution O, + H,0 + 2" == OH + H, E_ =-0.048V
- at 25°C (II-12)

Traces of H,0, in the solution can cause the open-circuit
potential to be cbserved in the range 0.8-0.9 V. However, Hoare?
argues that no H0, is detected under open-circuit conditions. He
attributes the H,0, present in the solution to be p;'oduced by
impurities involved in a local cell phenomenon.

The third one, mixed potential theory, was first proposed by
Hoar . %7 He explained that the deviation of rest potential from
the e’quil:ibriun potential was due to the presence of an oxide film
with pores pervious to the solution. A local cell was then set
up between the film surface and the relatively anodic metal base
of the pores, causing an irreversible removal 6f oxygen from the
film surface. A lowering of the potential then o;:curred. Ginerso

" has suggested that the mixed potential mechanism is composed of

either the 0,/H,0 couple or 02/H202 couple and Pt/chemisorbed
molecular oxygen couple. With no H2°2 detected in the solution
under open-circuit conditions and in favor of the Pt-O model,
Hoare2 prefers to show that the mixed potential mechanism involves

the 02/H20 couple and the Pt/Pt-O couple where Pt-O represents
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a layer of adsorxad oxygen atams on Pt.  Fram the analysis of oxide

coverags a0, pressuce dopendence of the rest potential, Wroblowa,
51

Rao, Danjarovic, and Bockris™ have proposed that oxide-free

e e g e

electrodes acguire a mised potentilal due to cathodic 0, reduction
and oxidation of impurities as the anodic component. They attri-
’ bute the lack of reversibility of the 0,
: of impurities. 'Though mixed potential mechanisms might account t

!

electrode to the presence

for the rest potential cbserved in the range 0.8-1.1 V, persuasive

evidence has not yet been presented at this stage. L

There are sme indications that the reversible O, electrode '
potential has been observed., These cbservations are challenged by .

various workers, due to the irproper experimental conditions employed

52

4
|
i ' or failure to reproduce the same result. Bockris ahd lug™® claimed

T
Ny

4

that they observed the reversible O2 ‘potential at Pt by heating the
electrode in 02 atmosphere at 500°C for 2 hours and prolonged pre-
electrolysis of the electrolyte. The unattainability of reversible
o, potential had been attributed to the impurities present in the

solution, Watanabe and Devanathans3

also claimed to dbserve the
{
reversible o, electrode potential with an anodically axidized Pt |
) ' |
electrode in purified solution, The potential observed by these i '
’ ]
i
l

workers, however, probably was an intenncdiate value as the electrode

potential drifted slowly back to the usual observed value following | 4

the prior anodic prepolarization.

54

According to loare,” after prolonged contact of Pt with concen-

trated 11:403, a film of electronically conducting chemisorbed oxygen

is produced on Pt. Such a surface is inert and the o?/HzO reaction
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can be established on this surface, A steady potential 6f 1,225 v ; i
is obtained by Hoare., The potential chserved by Hoare can possibly

be attributed to those of the redox couple invelving N02 and NO,

-~

These species are produced an the Pt electrode surface during pro- l
longed oxidation of Pt in concentrated.mo3 and are adsorbed on the
electrode surface, which resist through rinsing procedures, The
anodic formed oxygen £ilm, which is thought to be electronically }l
. conducting, is considered by Schultze and Vet‘c.er55 to be a barrier
, for electron transfer, They explain the charge transfer through the
film for 02/H20 reaction via electron. tunnelling mechanism, |

C. Kinetics and Mechanism of O, Generation at Pt

A

Since axygen was first obtained by electrolysis of water by
56

P Sl

Nicholscn and.Carlisle™ in 1800, the kinetics of O2 generation have

been studied by many workers (for details, see review articles by

Hoa‘re,2 Vetter,s?‘ Breite.r:,s,8 Erdey—Gruzsg) .but progress has been ‘

; slow ancd the mechanisms proposed are for the most part conjectural. |
The reported experimental facts and proposed mechanisms are ‘
briefly summarized in the following secticn.

i
(1) Exeérirental Facts

A Tafel relation\ = a + b log i is usually observed,
| and indicates that 0, formation is under kinetic control provided . yi
mass. transfer is not limiting, Some kinetic parameters from prior

studied are listed in Table I&l, The reported Tafel slopes, b, scatter

with no sense of agrearent, Factors attributing to this situation

JRNSUPRE NV

.
R
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TARLE U=l Kinetic Parameters for 02 Generation at Pt’

% solution Temp. Tafel Slope = Change

Current Range ¢
‘ o0 b V/dec, m A/m2 Ref
— e /
’ 0,28 H,80, 14 0.5 6% 10720 20782074 60
| 0.1N H,50, 20,5 0,130 2x1074 -
g a0 R R
| 1 N Hy80, 25 0.108 10762072 - 62 " j
| | 2 N 1,50, 0,106 109-1 63 | 0
1 N 1,50, 20 0,12 107 -1 64 ‘
- 0,001~0, IN H,SO, 0.083-0,097 1.3-2,2 10710-107 =2 _
; \ x 10710 i
2 N H,80, 25 0,122 1ax070 1077 - 2070 65 1
| 0.1 N H,80, 0,13 . 2,500 ‘1o'i°-1o;2 - 66 ~
; 0.1 N H,S0, 0,115 Ly, Y 67
o 0.1NHS0, 25 0.086 9 x 1074 107 7-107> 49 5
L ( 1 N HS0, 25 0,09-0.12 07 1070-1 55 *
K 0.2 N HNO, 20 0,114  1x1070 1207 -1 68
smMHClo, 25 0.14 10742072 69
1 N HCIO, 25 0110 .4 x107202078-073 70
858 O-iL;PO, 251  0.139 5.4x107 1t 1078-107° 7 ,;
0.1 N NaOH 25 o064 3107 1077-207 9 ﬁ
1 N XOH 20 0.3 1072 - 1 64 _ ! 4
1 M NaOH. 25 0,057 . 10 Z .
1 N KoH 0.14, 0,21 103-1 72 S
1 N KOH ©0.07, 0,28 1075 - 1 73 N
, 0.5 N XOi 0.11 1075-10"3 7 |
| - 1N KOH 25 0,055, 0,110 x0Tt 2077-1073 70 1
‘ ” 1 M Ko 0.047 41072 12070107 5
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include the tollowing:

a. Difforent history and particularly pretreatment of electrodes :
b. Composition and purity of electrolytes /
¢ The potential and tinme dependence of the state of electrode

surface, which influences the catalytic activity of the

Pt. electrode for O, formation, |
The exchange current density is very small, in the range

1072

- 107 A/cmz. At a current density of 1076 A/cmz, at least J
an overpotential of 300-400 mv is required. This indicates that the
0, generation is a highly irreversible process with no sensitivity
of the kinetics to the back reactioh under measurable conditionsi :
Thus it is not possible so far to obtain kinetic data following the T
rate-controlling step. |

Several studies have been conducted on the pH dependence of
the overpotential. The quantitative results are rather different
between .\s'acrke.rs;5 2,70,76 however, a positive pH dependence in low
[ regions and a.negative pH dependence at high pi values wre
shown, indicating O, cares fran the water molecule in acid and f@
the OH ion in alkaline soluticn.

The overpotential décreases and the Tafel slope slightly in- .
creases with increasing temperature in the range 0-100°C. I);)'nﬁezfc" \
77 6l .na Appleby,n'

all have observed this behavior in their studies. WNo general agree-

Rius, Llopis, and Giner, ' Roiter and Yampolskaya,

ment has been reached .as to whether the activation energies in acid
and in alkaline solution are of the same magnitude, This leads to 1

difficulty in distinguishing the reaction mechanism in acid and in

e

alkaline solution.




The involvement of anodically formed oxide in 02 formation is ,

rather unclear, Rosental and Veselwsk."ui"8 have indicated, by means

of o8

¢ that oxide film formed at high anodic potentials (> 1.5V) |/ )
» : is directly involved in the O2 formatiaon, while an axide £ilm formed ‘
| ' at lower potentials (< 1,5V) is not. Their results have been 1 3
criticized by,_Vette.r57 with the argument that they have not checked f g _’ 
the Ol8 exchange between enriched oxide and unenriched electrolyte, f
The 0'® might came fram the already exchanged electrolyte directly ,
at the electrode surface, » é
The anodic oxide film has a large influence on the kinetics of

02 'fomation. Schultze and Vetter55 have proposed that the oxide.
film is a barrier for electron transfer in o2 formation, and pro-
posed a relationship inwolving a linear decrease of the logarithm .
.of the current with increasing film thickness for a given applied
potential., Lamjanovic, Ward, and 0'Jea®’ have also found that

the thickness of the oxide film affects the catalytic activity for
0, formation in a manner similar to that described by Schultze and
Vetter, Charge transfer through the anodic film, however, in
itself is not the only process responsible for the irreversibility .
of the 0, electrode. . | |

(2) Possible Reaction Mechanism Proposed for O, Generation 4

Fram Table 1, the kinetic data for 02 generation are diverse, A
despite a relatively large nunber of studies conducted. These dis-

crepancies lead to the proposition of various reaction mechanisms.

Even with the same kinetic parameters obtained, many alternative 1
!
reaction mechanisms are still possible. However, most workers f
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agree that the rate—controlling step is an electron transfer, and |
the most likely step is a charge transfer step involving Hzo mole= ;
cules in acid or OH ions in alkaline solution to form hydroxyl ‘
radicals on the electrode surface,

* -
Acid solution:  H0 -—» (OH) + g +e (1I~13)

‘ Alkaline solution: OH: —= (OH) +e (II-14)

This step is then followed by several possible steps:leading to
the formation of 02, but no means are available to distinguish

these steps. The controversies emerge fram the speculation as to
the further steps.

There are two different views concerning the intermediates

formed after the rate-controlling steps. One is that the inter- |

TEER,
)
P

mediate is principally an O species, in a form of either a metal

<

axide or hydroxide, or an adsorbed species such as O or OH radicals;

no peroxide_is involved, Bockris and Huq,52

79 support this view. The other is that H)0, or a

peraxide ion is formed as an intermediate produced from hydraxyl
49 57

and Damjanovic, Dey,
and Bockris, .
radical or from the O atam., Hoar , . and Vetter™' prefer to have
peroxide involved in the overall reaction. (The peroxide mechanism ‘
will be discussed further later in this chapter.)

Even for a given type of intermediate, a large number of reac-

tion paths are still possible for the overall reaction to proceed. !

*
The parenthesis simply indicates the species adsorbed on the i
electrode surface.
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Aceording to the analysis of r\'ji.'lne.r,eo several thousand reaction
paths ane possible with OH, O OZH , and Ozll- considered as inter-
meddiates. By applying the most drastic assumptions, the number

70 has summarized fourteen

only reduces to eleven, Damjanovic et al,
paths (including five paths proposed by Bockris®l and the rest fram
others) for C2 generation with theoretically calculated Tafel para-
meters and stoichiametric numbers. . These reaction mechanisms are

listed in Table II=2,

A further severe conplication arises fram.the fact that O2

generation reaction occurs at significant rates only at potentials
so anodic that the Pt surface is covered with an oxide layer, while
the reverse 0, reduction occurs at appreciable rate in the potential
range 0.8-0.0V, where the state of the electrode surface is quite
different., Thus, the anodic 02 generation and cathodic 02 :eduetion
reaction paths may be different. Therefore, it is not possible to
obtain the stoichiametric numbers fram a conparison of the anodic
ard cathodic Tafel slopes, The other alternative 6 evaluate the
stoichiametric number is from the current-overpotential relation at {
potentials near reversible 0, electrode potential, where the back. ’
reaction is appreciable. This technique has not proved practical 1
for Ozgem_aration, because of the very low exchange current density
and interference from impurity effects and campeting processes !
intrinsic to the Pt electrode surface (anodic film).

In 1937, Glasstone and Hickling®> proposed that discharge of
hydraxyl ions led to the irreversible formtion of H,0,, by com | i

bination of the radical in pairs: 0, was. then generated by decapnsi-
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Table II-2, Various paths in O2 generation, Tafel parameters

- Q-

and stoichiometric numbers

i
. Anodic Gathodic
lown  highn
) Tnc *Onide" path .
S+ H,0=SOH + H* + ¢ . 2RTIF SRTIF 4
28011 — SO + SH,0 RT)3F © 2
28Q~0, +25 RT|4F © 1
(2) The “Electrochemical Oxide” path '
S 4 H;O = SOH + H* + ¢~ 2RT|F . 2RT3F 2
-~ SOH + 8 + 11,0 = SO + SH,0 + H* + ¢ 2RT[3F 2RTIF 2RTIF 2
250 = Q, + 25 RT3 i e 1
" (3) The *Rydrogen Peroxide" path
4S + 4H,0 — 4SOH -+ 4H* = 4¢~ 2RTIF 2RT|F 4
2SOH = SH,0; + S RTRF RT2F 1
SH,0, + SOR — SOH, + SO,H RTI3F RTIF . b
SOH + SOH ~SHO =S5+ O, RT3F . 1
{4) The “Metal Peroxide™ path
4S + 4H,0 ~ 4SOH + 4H* + 4~ 2RTIF 2RTIF 4
SOM —» SO + SH;0 RT2F RT2F 1
SO + SOH ~ § + SHO, RT}3F RTIF. 1
SHO,; + SOH ~ O, +§ + SH.O RTI4F © H
() The “Electrochemizal Metal Peroxide™ path
38 + 3H,0 = 3SOH <+ 3H* + 3¢~ . 2RTIF - 6RT/SF 3
2S0H — SO <+ SH,0 RT]2F RTIF RT2F i
$0 4 H,0 = SHO, + H* + ¢~ 2RT|SF 2RTIF 2R7T)5F 1
SHO, + SOH =8 + O; + SH,0 RT|4F ® 1
" (§) The “Alkaline” path of Hoar
S + HO ~ SOH + H* + ¢~ 2RTIF 2RT)3F . 2
SOH + H,0 — SH;04~ + H* RTIF ‘RTIF 2
2SH,0," — S = SO, 4+ 2H,0 RT2F  RTIF RT|2F 1.
SO~ ~S+ O, + 2e* RTNIF RT|F 1
() Path suggested by Conway & Bourgault . T -
38 4 3H,0 ~+ 3S0H + 3H + 3¢~ - 2RTIF SRT|SF 3
SOH ~ SO + ¥I* + ¢ 2RT[3F 2RTIF 2RTISF 1
SO -+ SOH =» SHO, RT|AF  RTIF RTIF 1
SHO, + SOH ~ § + SH,0 + O, RT4F | @ 1
(8) Alternative path suggesied by Conway & Bourgault
28 +2H.0 ~ "SOH + U + 2 2RTIF 2RTISE 2
SOH ~ 50 5 H> 4. ¢- 2RTI3F 2RT|IF 22TISF 1
SO + 1,0 ~» SHO, 4- H* + ¢~ 2RTiSF aRT{3F 1
SHO, + SOH ~ S + SH,0 + O, RTI4F o 1
(9) Path sugsested by Riddiford .
S+~ B,O~SOH +H*+e¢ 2RT|F 2RTAF 2
2SOH - SO 4 SH,0 RTJ2F RTI2F 1
S50 + H,0 ~ SHO, = Hr = ¢~ 2RT/5F 2RTIF 2R13F b]
SHO, + H,0~"0, + SH,0 + H* + ¢~ 2RINIF 2RTIF 1
(10) Krésilshchikov path (for Ni electrodes)
S+ H,0~SOH + H*+ ¢ 2RT|F ARTIIF 2.
SOH ~= SO- + H* RTiF RTIF 2
SO~ ~ SO + ¢ 2RT[3F 2RT|F 2RTIF 2
250 ~0,+ 28 RT)F © 1.
(11) Wade & Hackerman's path -
2S + 2H:0 -+ SO = SH,0 + 2H* + 2%~ RTIF RTIF 1
SO + 2SOH" ~ 2§ =+ SH.O + O, + 2=~ RIAF RTI|F- 1
(12) S +- H,0 =SOH + H* + ¢~ 2RTIF ARTNIF. 1
SOH ~» SO + H* < ¢~ 2RT|3F RTIF . 2RTSF 1
SO + H,0 = SO, H <+ H* e~ 2RTSE 2RTIF QRTAF b
SOH=S5+0,4 H*+¢ 2RTNIF ARTF 1
(13) S -+ H,0~+SOH < H* = ¢~ : 2RT|F 28T{3F 2
SOk ~ 1,0 = S0—~H—~OH-  §1* RTiF RTF 2
SO-—H-—OH' ~ SO—=H—-OH + e~ 2RT[AF 2RTIF 2RTF a
$0-11-OH = SO + H,0 RI2F  RTIF © 2
2SO0~ S + O, RT|SF w 1
(14) S + H,0 = SO 4 H* + ¢~ 2RTIF ARTIF 1
SOR < H 0 = S0~H~0H-~ RTIF RT)SF 1
SO—H—~OH* — SO—~H—OH < e ARTIIE 2RTF 2RTF 1
SC=H-~0OH =+ SO = H,0 RT2F  RTIF A7 1
SC 4 H,0 =~ SHO, + ¢~ 2RT,5F 2RTI3F 28T,3F 1
S110, =+ 8 4 0, + H* ¢+ ¢~ 2RTNF 2RTIF 1.

e

==

WP ",




tion of the peroxide. This interpretation was criticized by
Walker and Weis.;s84 with the argument that the cambination of hy=-
droxyl radicals to fom H,0, was highly improbable, since the anodic

formation of H,0, had not been detected. They then suggested a

reaction path as

OH <=2 (OH) + e rate-controlling (1I-14)
(©H) + (ON) <= H0+ () (11-15).
©) + (0) == 0, | (II-16)

Considering the cathodic O2 reduction, Vetter57: has proposed a

reaction path with H

202 as intemed:i.;xte:
OH «==m (OH) +e . .. (IT-14)
O + (OH) === HO,+e (11-17)
H0, == Hoz-,“' e (11~18)
HOZ. == (HO,) + e (I1-19)
(H0,) === 0, + gt (II~-20)
o2 - o2 + e (X1-21)

He reasons that the subsequent steps after the formation of. 3202

are very fast, causing 1,0, to be undetectable., In.contrast,
Bockris and Huq52 have concluded that the discharge of OH ion is
the rate-controlling step foro2 formation in sto4‘ at Pt, followed
by the formation of O atams which then cambine to form 02.
Hoar 49 has studied the yéneration of 0, in NaOH solutions at
Pt and his data do not correspond to any of the five mechanisms

proposed by Boc}u:':'.s.81 ‘Hoar proposes that the step
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(OH) + (™ o (uzoz‘) (II~22)

is vate~controlli.g. 'This raises the question as to whether the
mechand s of 0, formation in acid and alkaline solutions is aleng
the same paths or not. By determining the activation energies,
Stout™ has. concluded that the machanisms are different in acid and
in alkaline solutions with different activation energies in each .

solution. On the contrary, _Yanedag6 has argued that the mechanisms .

are usually the same in both solutions with similar measured acti-

vation energies.

In an attempt to resolve this controversy, RJ'.clcl:i.forc’iz9 analyzed
If the results of Bockris and Hug and of Hoar , and suggests that the
f: ‘ mechanism is the same in all solutions with the step
Ky | |
(OH) + OH &= (0) + H,0 + e (11-23)
raté-controlling.

- |
7?_ have re-examined the O, generation on Pt in

Damjanovic et al,
acid and in alkaline solutions, Their results. support the mechanisms
proposed by Bockris and Hug in acid solution and by Hoar  in
alkaline solution., However, three reaction paths are still possible

in acid and another three possible in alkaline -solution, : )

(3) The Effects of Ions on Oxide Film Formation and Oxygen
Generation

The previous studies of ion effects at a Pt electrode have

principally concentrated on the adsorption behavior of halide anions.

It has been damonstrated by various techniquese?-sg that anions ad-
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sorbed on Pt are in the order I° > B > Q1™ » S()4= > ClOZ,F'
at the sanc electrode potential and the same concentration of ions.

Halide ions except F ian have a retarding effect on anodic
axygen film formation on Pt in acids,?%'%0 preiter® was the
first to use linear potential sweep to show the effect of halide
anions on anodic oxygen film formation, This technique has the ad~
vantage of bringing the electrode to a more reproducible surface
state than generally achieved with other methods.

A study has been made by Podlovchenko, Epstein and Frumkin®?
to campare the adsorption preperties. of F- anions and 804= anions
on Pt, They have shown that 804= anions are more strongly adsorbed
on Pt than F~ ions, and that the anodic oxygen f£ilm formation in HF
begins at more cathodic potentials than that in H, S0, with solu-
tions of similar pH, Recently, Lane and Hubbard®> have indicated
that F~ anions have a strong retarding effect on ancdic £ilm forma-
tion in. HZSO4 solution, This result is rather surprising, as judging
from the results of. Podlovchenko et al, 92‘The F anion effect shown
by Lane and Hubbard is probably due to the presence of C1™ anicns,
either in the fluoride salt used or adsorbed during rinsing processes.

Anicons in high concentration are believed to be involved in
Oxygen generation. Gerovich, Kaganovich, Vegelesov, and Goro-
khov,94 Kasatkin, Rozental, and Veselovskiigs have cbserved two
Tafel regions in O2 overpotential measurements in concentrated
HC104 sqlutions at Pt in the potential .range 1,5-3.0 V. They
consider that the high Tafel region is due to the firect participa=-

tion of (3104- anions in the electrode process. This is confirmed

|
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by using 0™ enriched 10, solution and finding that the O,

evolved in the upper Tafel region is enriched with the O'f isotope,

A similar situation occurs in concentrated H, S0, (7-15 N) at high ]
anodic potentials (2,5-3.0 V) along with the production of HyS,00
and 52305.96,97 oo

Hickling and Hill reported that oxygen overpotential at Pt .
increased by 10-110 mV in 1 N KOH and 40-310 nV in 1 N H,SO, in
the presence of 0.02-0.1 N KF, and that this phenamenon was unique
as campared to other metals of the Pt family. No explanation was
attempted by these workers.

Erdey=Gruz and Sha.'c‘a::ikez3 showéd that oxygen overpotential on
Pt in IN H,50, increased in the presence of large amounts (0.3-1.0.N)
of cations in the following order: x>ttt NH4+' >2n' > Na

> Mg'H > 1it, Their interpretation was that metal cations are

incorporated in the double layer by association with the already
adsorbed SO 4= ions. They propose that this results in deforming
water molecules adsorbed on the electrode surface and changing their
bonds with other water molecules. The attractive action of metal
cations, affecting the electrons of adsorbed water molecules, | 1
hinders the transfer of electrons to the electrode, and increases
the activation energy of the O, fomation (i.e., the potential '
distribution acruss the interface is changed).

In the high ancdic potential range (2,0-3.5 V), Frumkin®® has
shown that the alkaline metal cations increase the O, overpotential i
on Pt in the order Cs' > Lit > na't > K'. This cation effect has

been interpreted on the basis. that chemisorption of oxyagen species
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with negative charge overcompensates the positive potential of the
electrode relative to the bulk solution and ’cads to the adsorption
Of cations.
J'\uza\mn'o has shown that 0., overpotential an Pt is increased 1
py 15-90 mV when Ba' ', Sr'', Ca'' ions are added to 1 M NaOH, '
This effect has been explained in terms of ion-exchange mechanisms,
The metal cations exchange for protons in the hydroxvl groups which
. .. exist on the electrode surface to form a surface camplex. The 02 ,
’ formation is thué depressed. The ancdic £ilm on Pt should have

ion exchange properties and this explanation appears quite logical.

[




CHAPTER IIX
EXPERIMENTAL PROCEDURES

The experimental procedures and equipment employed in carry-
ing out the electrochemical measurements are described in this
chapter. The equipment is essentially the same as that used in
the thesis research of R, Zurilla for O, electrode studies on Au.
The description is divided into the following categories:

1. Mechanical Bouipment
2, Preparation and Purification Techniques

-3, Electronic Equipment and Measurements

A. Mechanical Equipment

1., The Electrochemical Cell

The experimental cell was designed and built at Case
Western Reserve University by prior workers and has been. described
by Zurilla and Yeager.1% This cell, which was constructed entirely
from Teflon, consisted of a main campartment for the rotating disc
Pt electrode and two separate campartments for the counter and
reference electrodes. The main compartment of the cell and the
position of the asserbled disc electrode are illustrated.in
Fig., III-l, The volume of the main campartment was approximately
500 cc. A volume of 400 cc of electrolyte was used for the experi-
ments., Teflon connectors CE and RE were used for jointing the
counter electrode and reference electrode campartments to the main
cell. A Pd foil (99,99%), 2.9 cm diameter x 0,01 am, was used as

=30~
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a counter electrode with the back side charged with purified Hye
After prolongad charging with purified H,, the electrode behaves

! as a B-Pd-H electrode, as will be described later, The Pd electrode
is cathodically protected against dissolution and contamination of
the electrolyte with Pd is quite unlikely with this arrangement.

The reference electrode was connected to the main compartment
via a Luggin capillary, placed approximately 3 mm below the surface
. | of the working electrode. The reference electrode was a Pd Foil
| electrode (99.99%), 2.5 am diameter x 0.01 am, also with purified

H, on the back side. During the charging of H,, the solution side
was filled with purified He,

Y Normally the reference and counter electrodes were charged
A
st |
i : “i with purified H, for 24 hours in advance of a rmun., This charging
t ‘( .
E\ A ; method results in the formation.of a stable H~Pd alloy camenly

referred to az the B-phase of the allo_y..'m‘.L This Pd electrode is
designated as B-Pd~H and attains the potential of a reversible

; hydrogen electrode (RHE), Another Pd hydrogen reference electrode
was fabricated, also consisting of a small Pd bead mounted on |
Teflon. With short time cathodic charging with H, evolution, the i
Pd.bead formed an a-phase of the H-PA alloy as described by Hoare,02
This a~Pd-H electrode shows.a potential of +0,050V vs. RHE., Pro- ’
visions were made so.that the a~Pd-H electrode could be_inserted | 1
into the reference electrode campartment, either for use as a refer-
ence electrode or for chécking the potential of the B-Pd;li electrcde, “

The counter and reference electrode camartments are shown in
Fig. I11-2,

—
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2., The Rotating Electrode Assembly

The rotating electrode assembly consisted basically of a
hard tempered steel shaft, mounted on sealed precision bearings,
which was rotated via a belt and pulley system by a 1/15 HP high
speed Bodine universal motor, type NSE-12, The motor speed was
controiled by a General Radio speed control, type 1701-AU, Shaft
rotation rates were measured by means of a light beam which was
transmitted onto a photocell through sixteen equally spaced holes
in an aluminum disc.attached to the upper part of the shaft. The
frequency of the pulsed output fram the photocell was measured with
a Fluke 1941 A digital counter. . An aluminum framework was used.
to mount the motor, shaft, and bearings, and the bearing housing
was electrically insulated from the framework by use of a 5/8 inch
thick Lucite spacer,

The electrical connection from the working electrode was made
at the top end of the shaft by means of spring-loaded Ag-graphite
brushes. This arrange.‘mentx generated negligible electrical noise
even at high rotation speed.

3. The Nitrogen Atmosphere Box

The electrochémical experiments were performed in a N,

atmosphere box to prevent o, and dust contamination., A Forma

Scientific enclosure box was modified to accammodate the rotating
electrode assembly., The box was equipped with rubber gloves and a
vacuum interchange to facilitate the transfer of materials in and

out, A water aspirator was used to evacuate the interchange., All

Py




electrical._jacks and tubing connecticns were made gas tight with
rubber gaskets, The box was purged with N, from liquid N, at. —
about 20 cc/min, except when the gloves were in use, A heater-.
blower assewbly which was able to control the temperature of the

environment of the cell was provided in the box,

B. Preparation and Purification Techniques

1. Electrode Preparation

The working electrode was the Pt disk of a Pt ring-disk
assembly. While the measurements were made with a ring-disk
assembly, only the disk was used, The ring-disk electrodes consist-
ed of a Pt disk (0.492 cm diameter) press-fitted into Teflon which
had in turn been press-fitted into a Pt ring (0,556 cm internal
diameter, 0.724 cm external diameter). The Pt ring and disk were
reference grads (99.999%). . The ring-disk assembly was then in turn
fimly press-fitted into an outer Teflon cylinder (1.27 cm diameter).

After the construction of ring-disk electrodes fram the machine
shop, the electrode surface was first polished with Buehler METADI .
polishing material (1/4 u) on nylon cloth, lubricating with Buehler
A3 METADI fluid, and followed by polishing with Buehler AB Gamma
alumina (0.05 u) suspensions on Buehler Microcloth. When the
electrode surface attained a mirror finish, it was washed with dis-
tilled water, degreased with isopropyl alcohol (spectro grade),
cleaned with 1l:1 112804-HNO3 mixture (volume ratio, réagent grade) .. .
and rinsed with triply distilled water, followed by pyrolyzed water,

(The preparation of pyrolyzed water is described in a latér section.)
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The electrodes were further cleaned with wltrasound in a solution
of the same camposition as the electrolyte to be used and then
either mounted on the steel shaft for experiment or stored in
pyrolyzed water, When the measurements were finished, the elec-
trodes were again polished with the gamma alumina suspensions,

followed by chemical and ultrasonic treatment as previously menticned,

2. Gas Purification

Purification trains were constructed to purify Hy, He,
and 02. v

The tank H2 (Z}ir Products) used for charging the Pd counter
and reference electrodes was purified with an Engelhard Industries
- - Pd=Ag alloy diffuser.

The tank He (Bureau of Mines Helium Plant) was purified with

TTETV R S

the use of the following traps:

1. copper turnings in a Wycor trap maintained at 450°C.
for removal of 02. ‘

, : 2. molecular sieves (Linde type 13X) maintained at liquid
1 N, temperatures for removal of organic contaminants.

’ 3. molecular sieves (Linde type 3A) for adsorption of re-
i : maining O,.

4. glass wool filters,
The tank 0, (Linde) was purified to remove trace contaminants . ik
such as (O, C0,, and organic substances, The purification train
consisted of the following traps:

1. silica gel (Fisher Scientific Co., 6-16 mesh) for
removal of water to protect. trap 2.

2, hopcalyte (Mine Safety Appliances Co., 14-20 mesh), an

active nixed oxide catalyst for oxidation of CO to C0,.
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3, same as trap 1, .

4, ascarite (Arthur Thomas Co., 20-30 mesh), NaOH on
asbestos, for removal of 002.

5. rutile (Fisher Scientific Co.,), Ti0., maintained at
acetone=-dry ice bath tamperatures, fgr removal of most
organic substances,

6. glass wool filtero

All of the gas lines were constructed of glass or Cu and the
traps were made of glass, Glass to Cu connections were attained .
using Swagelok fittings coupled to glass-to-metal seals, For the
electrochemical measurements, purified. He or O, was passed through

2
bubblers containing pyrolyzed water before entering the cell,

3. Glassware and Teflon Cleaning

All Pyrex glassware used in this work was cleaned with
l:l.HZSO 4 INO4 mixture for one week, Before use, each piece was
thoroughly rinsed with triply distilled water,

The Teflon cell and all other Teflon parts were initially de-
greased in .4 M KOH for one day. After thoroughly washing with
distilled water, the cell and parts were cleaned with 1:1 HZSO4-
HNO, mixture, followed with thorough rinsing with triply distilled
water until all the acid was leached fram Teflon.

4., Chemical Purification

The purification procedures involved for the various sub-

stances were as follows:

a, Triply distilled water. Triply distilled water was ob-

tained by distillation of tap water three times, the second distil-
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lation being Cxem an alkaline XMnQ 4 solution, The last two stages
were carried cat in an all-Pyrox apparatus in a N2 atmosphere,

b, Pyrolyzed water. Pyrolyzed water was prepared by dis-

tilling the triply distilled water through a pyrolysis quartz
colum, packed with Pt/Rh gauzes with C)2 purging, and maintained
at v800°C, Final distillation was followed after pyrolysis in a
N2 atmosphere. This procedure has been described by Corway,

Xozlowska, Sharp, arxd_Criddle103

to ultrapurify water for electro-
chemical work.

@. Activated charcoal. Commercial cocoanut charcoal

(Barnebey-Cheney Co., Columbus, Ohio) was purified by refluxing in
a Soxhlet extractor tube with azeotropic HCl solution (V6 N) for S i
at least four weeks followed by refluxing with triply distilled

water. for at least four weeks, During the refluxing operations the
solutions were changed frequently. The activated charcoal was used ' ?

to absorb impurities in the electrolyte.

5. Solution Preparation and Pre-electrolysis 1
Solutions of variocus acids were used in this work. Acid R ‘
solutions were mostly prepared with ultrapure acids (Ultrex H,50,
from J, T. Baker, ultrapure 49% HF and ultrapure 85% H,PO, fram ‘\‘ k
Apache Chemicals, ultrapure 70% HC1lO, from Véentron Alfa Products)

4
and pyrolyzed water. The H,S0,, HC10,, and 1{317_04 solutions were

prepared in cleaned glassware and used without further chemical

purification, All HF solutions were prepared in Teflon bottles and : ]

tréated with activated charcoal to remove trace chloride, A 10 N

HF solution was first prepared and activated charcoal (1 g/100 ml
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solution) was then added to the first solution. This solution was
stirred and alloved to stand overnight to pexmit the charcoal par=

ticles to settle to the bottam of the bottle., The clear portion of

the solution was used to prepare diluted HF solutions., In same '/

early overpotential measurements. of Oy generation, triply distilled

not available at that time. However, the results obtained showed “ i
no significant difference as campared to those in solutions prepared
with pyrolyzed water.

Solutions of 0.1 N NaOH were rrepared in Teflon bottles by
dilution of activated charcoal-pretreated 1N NaOH with triply dis-
tilled \;rater.
f£rom special low carbonate NaOH pellets (J. T. Baker). After
allowing the 50% solution to stand over several weeks, the solution
was decanted many times to remove precipitated Na,004. A 1 N NaOH
solution was. prepared fram this 50% solution, then treated with.
activated charcoal to remove remaining impurities. The .carbonate
solubility with 50% NaOH is % 10"'4 M and hence the carbanate

concentration

Various additive acids, bases, and salts were amployed in the
experiments. . Dilute solutions of these chericals were prepared
with comercially available ultrapure chenicals (Apache Chemicals.
or Ventron Alfa Products) or with activated charcoal pretreated
reagent grade

Before each measurement, the solution was pre-electrolyzea at a

potential of about 1.5 V between two auxiliary Pt (99,99%) eclectrodes q

«39-

water was used to prepare HF solutions because pyrolyzed water was

O R R

A 50% stock solution of NaOH was first formulated

in the first 1 N NaOH should have been ~.5 X 1070 M.

chemicals when ultrapure ones were not available.
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within the Teflan cell. Each awiliary electrode was in the form
of a sheet (4 anx 2 am x 0,01 cm) , which was spot welded to a Pt
wire, Prior to pre-electrolysis, purified He was bubbled through
the solution for at least one hour to deoxygenate, at least par=-
tially, the solution; the bubbling was continued throughout the pre=-
electrolysis to provide the agitation and the inert atmosphere in
the solution, Before placing the ancillary electrodes in the cell,
they were cleaned with a 1:1 HZSO4-HNO3 mixture, followed by
thorough rinsing with pyrolyzed water or triply distilled water,

The pre-electrolysis was carried out for at least 24 hr for acid

solutions and 48 hr for NaOH solutions., The auxiliary electrodes

were raised above the solution level before disconnecting the pre~
electrolysis current, The use of platinum as pre-electrolysis
‘elect.rodes leads to contamination of the solution with platinum,
:laut it is very difficult to find other electrode materials that do
not present similar difficulties. In the present work with Pt

working electrodes, Pt contamination in solution was not considered

a problem,

C. Llectronic Equipment and Measurements

The experimental results reported in this work were obtained by
linear potential sweep and quasi=steady-state potentiostatic tech-
niques, The current-potential curves obtained from linecar potential
Sweep techniques yield information concerning adsorption-desorption
of species present in the solution and axide film formation and

reduction,
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Tn Linecar sweep voltammetry, the potentiostat used was a
Princeton Applicad Research Potentiostat/Galvanostat, Model 173
with a Model 176 current-to-voltage converter and a digital readout.
The potential sweep control was provided by a PAR universal pro-
grammer Model 175 or by a triangular sweep generator designed and
built by B. D. Cahan at Case Western Reserve University, The
current-potential curves were recorded on an X-Y recorder (Houston
Instrument Onmigraphic 2000).

The quasi~-steady-state potentiostatic measurements were per-
formed by employing the PAR Model 173 potentiostat with digital
readout, Two potenticmeters which can"be used interchangably are
provided with this potentiostat. The electrode potential can be .
stepped to a selected value by presetting one of the potentiameters
while the other is controlling the electrode at certain potential..
Usually the Pt working disk electrode was pre-polarized at 2.0 V
vs. a-Pd-H beforé the potentiostatic measurements were started

toward lower potentials. The disk electrode was rotated during the

measurement at 3600 rpm unless otherwise noted. The current reading:

was taken after the electrode potential had been raintained at the
desired potential for 2 min. On same.occasions, the electrode
potential was driven by a slow potential sweep and the current-

potential curve was recorded on a recorder,
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CHAPTER IV

PRESENTATION OF RESULTS

The experimental results to be presented were obtained prine
cipally by linear sweep voltammetry for anodic oxide film formation
on Pt and potentiostatic overpotential measurements in conjunction

with. the rotating disk electrode technique for Oz-generation on Pt,

A, Linear Sweep Voltammetry in Acids

1. Voltammograms of Pt in Various Acids

Voltammograms in 0,1 _IiHZSO4, H3PO4, HF, and H’.‘ZLO4 are.
shovn in Figs. IV-1 - 4, A cawparison of the voltammograms reveals.
the prominent changes occurring with the change of anions in these
acids, More fine structure. is observed in both the hydrogen region
and anodic oxide formation region in HZSO 4 and H3PO 4 solutions.,

With the stronger adsorbability of sulfate and phosphate, sharper —
peaks occur in the hydrogen adsorption-desorption region in H,80,

and HaPO, so;l.utions. The hydrogen peaks are designated .in the order
of their appeara